The author presents comparisons of isolates and vaccine viruses using conventional methods of serotyping -CF and virus neutralisation (VN) testsas well as profiling the isolates using MAbs. Both manners of analysis provide information on the relationships between the viruses. The CF and VN tests give details on how animals responded against a particular isolate and how this antibody response would recognise another isolate; from this, the serological relationships can be proposed with respect to how different isolates might induce a humoral immune response. With MAb profiling, details of antigenic relationships between the isolates are obtained, enabling the identification of individual epitopic variations. These analyses can provide the potential to place different isolates into 'antigenic' groups. When compared with vaccine viruses, one can attempt to identify the vaccine virus with the closest profile to the isolate group. Immunological analysis (e.g. using the CF tests employed in this paper) can provide further information on the relationship between a particular vaccine and an antigenic group identified by MAb profiling. Of course, this MAb profiling can provide essential information in a very short time, which is of particular benefit in an emergency situation. Confirmation of the conclusions from the profiling would then be forthcoming through the serological analyses. Such combined analyses offer a more extensive identification of antigenic and immunogenic relationships between FMD virus isolates, as well as between isolates and vaccine viruses.
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INTRODUCTION
One of the most important functions of a Regional Reference Laboratory for foot and mouth disease (FMD) involves giving advice on vaccines to be used for prophylaxis and control of outbreaks. In order to produce an effective vaccine which is appropriate to the field situation, it is necessary to have a good knowledge of the field strains. The virus strains used in vaccine manufacture must be suitable for the countries in which the vaccines are employed. Many countries rely on imported vaccines for FMD prophylaxis and, very often, they are not in a position to control all the parameters on which the success of vaccination depends. The degree of protection in the vaccinated population depends on the quality of the vaccine used, the storage conditions, the skills of the vaccination staff, and also the antigenic homology between vaccine strains and field strains. Two of these parameters, namely the selection of vaccine strains and the formulation of the vaccine, are the concern of the Reference Laboratory.
The updating of vaccine composition with respect to the characteristics of the field strains requires the constant co-operation of Veterinary Services in collecting and despatching fields isolates to the Regional Reference Laboratory.
In the Southern African countries, types SAT 1, SAT 2 and SAT 3 (SAT: Southern African Territories) viruses are most widely represented, especially the SAT 2 virus. Despite an effective control policy to combat the disease, the risk of cross-transmission of FMD between livestock and wildlife, particularly buffalo, still remains. Thus any new FMD outbreak in cattle must be investigated immediately.
Antigenic variability of the FMD virus is so great that a vaccine prepared from one isolate will not necessarily always afford protection against infection with other isolates from the same serotype. In a first stage, identification of virus type and preliminary subtyping by serological tests may give a rapid indication of vaccines to be chosen, especially if the geographical origin of the FMD outbreak is known or suspected. The classic serological studies compare viruses using homologous and heterologous sera. These studies can be improved by the use of monoclonal antibodies (MAbs) against neutralising epitopes, which provides a powerful method for epidemiological investigations. The antigenic profiling of the field virus with a panel of MAbs should provide an accurate tool to determine the relationship with previously-isolated viruses.
Viruses used for vaccine production are selected on the basis of sub-type classification and immunobiological characteristics. The latter are determined by crossimmunity tests in cattle using existing vaccines against the most important new FMD virus field strains. The field virus is compared with the reference vaccine strain, using sera from animals which have been vaccinated once or twice. A reciprocal virus neutralisation test may be conducted with sera from convalescent animals. Re-evaluation of suitable vaccine strains can be obtained only through cross-immunity tests in vaccinated cattle challenged with the new virus.
MATERIALS AND METHODS

FMD virus isolation on cell culture
Isolation of FMD virus from samples submitted to the Regional Reference Laboratory for FMD was performed in tissue cultures, using either a pig kidney cell-line or secondary lamb kidney cells, to obtain a sufficient quantity of the new field virus for studies and storage.
FMD virus typing and sub-typing
Methods and reagents for typing and sub-typing using the complement fixation (CF) test have been described previously (7) .
FMD antibody detection
The virus neutralisation (VN) test was performed on secondary lamb kidney cells in a microassay. Titres were expressed as the log 10 dilution of the serum giving 50% protected wells.
Monoclonal antibodies
Six-week-old BALB/c mice were primed intraperitoneally (i.p.) with inactivated purified SAT 2 viruses BOT 04/80 and ZIM 07/83 at 50 ug per mouse, using virus emulsified in Freund's complete adjuvant. This was followed by two booster injections (i.p.) at two weeks and three weeks, with the same amount of antigen. The final injection was given intravenously three days before the fusion. SP2/0 myeloma cells were fused with spleen cells of mice as described by Allen (1). Hybridoma supernatants were screened for antibody reaction with purified preparations of FMD viruses using a sandwich enzyme-linked immunosorbent assay (ELISA). Monoclonal antibodies (MAbs) were produced in pristane-treated mice by passaging the hybridomas as ascitic tumours.
ELISA characterisation using a panel of MAbs
The sandwich ELISA was performed as described below. Wells of microtitre ELISA plates were coated with pre-titrated dilution of a mixture of rabbit polyclonal anti-SAT 2 sera. After washing, virus samples were added at a constant dilution. After incubation and washing, dilutions of each MAb were used, starting at the last dilution which gave the maximum optical density previously determined in that system. The anti-mouse (specific of the Fab fraction of IgG) peroxidase conjugate was then added, and the test was developed by the addition of the substrate solution containing o-phenylenediamine (0.4mg/ml) and hydrogen peroxide (0.012%) in citrate buffer (pH4.5).
Vaccines
Vaccines used were prepared with viruses inactivated by ethylenimine (3) . Each batch of vaccine adjuvanted with aluminium hydroxide and saponin was tested for safety in cattle (2) . The activity of the vaccine was tested on groups of cattle which were inoculated with serial dilutions of vaccine and challenged by intradermolingual inoculation of virulent virus (10 4 ID 50 [50% infective dose]) (8) .
RESULTS AND DISCUSSION
Serological analysis
One of the first tests to be conducted on the new field strain is typing as one of the seven recognised serotypes of FMD virus.
When FMD appears in a previously disease-free area or vaccination failures are observed, the purpose of sub-typing is to determine whether the outbreak is due to the appearance of a field strain with new antigenic characteristics.
Preliminary sub-typing by one-way serological test (giving r values) may provide a rapid indication of whether the virus strain used in the stock vaccine is appropriate for the area in which the outbreaks occurred.
Since 1982, various FMD outbreaks have been monitored in most countries in Southern Africa (Fig. 1) In the Southern African area, SAT 1, SAT 2 and SAT 3 types are usually involved. Types O and A were found only in the north of this area. Types C and Asia 1 have never been found in this region.
All these viruses were adapted to grow in cell culture, to obtain a sufficient quantity of virus for characterisation purposes.
Among the most recent FMD outbreaks in Southern Africa, the SAT 1 virus (Fig. 2 ) from the outbreak in Zambia in July 1992 appeared close to the SAT 1 virus isolated in Zimbabwe in 1989; most of the r values between the antisera and previous strains were lower than 0.50. 
Comparison (r values) of results of serological analysis by complement fixation test of foot and mouth disease virus type SAT 1 isolates from cattle in the Southern African countries
The r values between SAT 2 strains are generally higher than those between SAT 1 strains. Antigenic similarities have been found between the SAT 2 isolates from the Zimbabwe outbreaks of 1983,1987 and 1989, and also with the outbreak strain from Botswana in 1980 (Fig. 3) . The strains BOT 04/80 and ZIM 07/83 show the closest relationship.
The antigenic profiles of the virus isolates from the three separate SAT 2 outbreaks in Namibia in 1989,1991 and 1992 are similar, except for the homologous serum SAT 2 NAM 04/92 which has low reactivity with the two previous strains (Fig. 4 ). The SAT 3 virus from the outbreak in Zimbabwe during 1991 is closer to the strains from 1981 and 1983 than the 1984 strain (Fig. 5 ).
Antigenic analysis using MAbs
The polyclonal antisera used in the CF test have limited ability to distinguish between viruses which do not differ greatly. Nucleotide sequencing of the viral genome is the main test for identifying minor differences between two viruses. But this technique analyses only a very short sequence of the structure of epitopes, and consequently gives an incomplete picture of the immunogenic properties of the field virus.
As presented by Crowther (5), MAbs can provide the link between chemical structure and antigenic and immunogenic properties. For example, the substitution of only two amino acids could totally modify the immunological properties of the strain (4).
The value of MAbs lies in their specificity for epitopes and in the fact that they are totally consistent reagents between laboratories. MAbs recognise specific sites, and non-reactivity of a particular MAb therefore indicates an antigenic difference between strains. Reduced (i.e. 0-50%) MAb binding reflects a change in the affinity of the virus for an epitopic region due to a change in amino acid sequence.
A panel of MAbs has been produced against two distinct SAT 2 isolates of FMD viruses (BOT 04/80 and ZIM 07/83). Sixteen hybridomas which secrete anti-FMD virus antibodies were expanded and injected into pristane-treated mice to produce ascites fluid containing a high concentration of MAbs. Fourteen of the sixteen MAbs neutralised the virus with a titre of 1.4-3.0 log 1(1 . The patterns obtained by ELISA reactivity for each MAb with 33 different SAT 2 strains were compared. The MAbs were then classified into ten different groups. The MAbs included in each group showed exactly the same pattern, each group representing a specific reactivity and probably different epitopes (Table I) .
After the specificity was established, the panel of MAbs was used to compare the isolates and thus assess differences between the virus strains involved in the various FMD outbreaks, and to compare these with the vaccine strains. The panel of anti-SAT 2 MAbs was used, in conjunction with the ELISA, to characterise 33 representative strains of FMD virus SAT 2 serotypes isolated in the field since 1977 in different parts of Southern Africa. Figure 6 shows different ELISA reactivity patterns obtained for the 33 isolates with the panel of ten MAbs. The reactivity of MAbs is highest with the SAT 2 BOT 04/80 strain, and lowest with the SAT 2 BOT 03/77 strain. The other patterns are between these two figures. In each of these patterns, one or more isolates could be included which have the same pattern. In particular, SAT 2 BOT 04/80 and SAT 2 ZIM 07/83 are virtually identical, despite having been collected at an interval of three years in two different countries. Four SAT 2 isolates from the outbreak in Zimbabwe in 1989, namely ZIM 05/89/B1 (Gweru), ZIM 06/89A (Bulawayo), ZIM 06/89C (Bulawayo), and ZIM 07/89 (Gweru) present an identical pattern, although they were collected over a period of three months, suggesting that the outbreaks were probably caused by the same virus strain. This profile is different from SAT Finally, it is interesting to observe that antigenic profiling of the viruses with MAbs allows a more accurate analysis than antigenic analysis by the CF test using polyclonal sera (Fig. 7) .
Immunological analysis
The virus neutralising antibody response in cattle has been shown to be a reliable method for estimating protection against FMD virus (6) . The comparative titration of antibodies reactive with vaccine and field virus in sera from vaccinated cattle gives reliable results. Sera from convalescent animals collected in the field may prove adequate for reciprocal serum neutralisation (SN) tests.
The SN test results for the SAT 1 ZAM 07/92 virus show a high heterologous titre in comparison to the reference vaccine strains (Table II) . There is a discrepancy between these results and those obtained in the CF test (Fig. 2) . According to the SN test results, these strains appear to be more closely related than indicated by the CF test results, particularly when using serum after a booster vaccination. The previous strain originating from Zambia, i.e. ZAM 11/87 (Table II) , showed a low antigenic homology with the SAT 1 BOT 01/77 vaccine strain (r = 0.12 by the SN test). This result was confirmed by the CF test (r -0.17). The results quickly led to checking the efficiency of the vaccine strain in use, BOT 01/77, after challenge with the ZAM 11/87 virus (Table II) .
Despite the weak serological and immunological relationships, good protection may be obtained, particularly against SAT 1 viruses (Table II) .
These results may differ, however, with the SAT 2 type virus. Weak antigenic and immunological relationships between a new virus and the vaccine strain must be carefully considered, in view of the risk of immunity failure, regardless of the quality of the vaccine in use. As an example, Figure 7 shows the different relationships in the immunological and serological reactions against three vaccine strains successively proposed between 1978 and 1992, SAT 
Comparison (r values and %) of results of the antigenic relationships (a) determined by complement fixation test and the antigenic characterisation (b) by a panel of monoclonal antibodies (MAbs) of the three SAT 2 vaccine strains in use
Heterologous challenges on each vaccine prepared with these three strains showed insufficient heterologous protection, thus confirming the in vitro results (Table III) . In contrast to the SAT 1 viruses mentioned above, there is a better correlation between in vitro and in vivo relationships for the SAT 2 viruses. This illustrates the extreme caution required when a new field strain emerges, particularly of type SAT 2 virus.
Very often, an immediate booster with the stock vaccine will considerably improve the immunity, particularly the heterologous immunity. For example, during the recent SAT 2 outbreak in Namibia, serum neutralisation values for the relationship between strain NAM 04/92 and the vaccine strains in use were 0.22 and 0.28. After a booster with the ZIM 07/83 vaccine strain, the r value increased to 0.63, indicating expected protection to the cattle expressed in terms of increased heterologous neutralisation of the virus (Table IV) .
Nevertheless, in most situations, FMD outbreaks appear in non-vaccinated animals or in those which were vaccinated a long time previously. In these cases, animals would have insufficient immunity. Thus, if the new field virus is too different from the vaccine strain, a homologous vaccine may be prepared using the field strain (particularly with the SAT 2 isolates).
This procedure was adapted in Zimbabwe in 1983 (for vaccination against SAT 2 ZIM 07/83) and in Namibia in 1992 (SAT 2 NAM 04/92).
This emergency procedure should remain exceptional, however, and should be applied only in countries which have well-organised and regularly-monitored programmes for the implementation of FMD prophylaxis.
The reason for this restriction is that other important features contribute to the choice of the vaccine strain, in particular the growth capacity of the virus on cells in culture, the dominance of the strain (7) and the stability of the vaccine.
Throughout the process of vaccine manufacturing, qualitative and quantitative criteria must be considered in order to monitor the in-process control testing. For the vaccine strain, all values of each quality control procedure (as well as their confidence limits) are well known, thus ensuring the consistent quality of each batch of vaccine. In the case of potency testing, correlation has been established between the percentage of protection in cattle (protection after challenge), serum neutralising antibody titre and ELISA antibody titre (6) . The data used in this correlation were compiled over many years. This correlation is very useful in estimating the likelihood of protection, through testing sera from vaccinated and re-vaccinated cattle during a serological survey. 
CONCLUSION
The occurrence of an FMD outbreak always creates an emergency situation, as the disease spreads rapidly if uncontrolled. This economically disastrous situation requires urgent action: a major dilemma arises, however, concerning the choice and application of a suitable vaccine.
Among the parameters for the selection of the vaccine strain to be used in the field, identification of the new virus type and preliminary sub-typing by serological tests must be performed within a short time. The results could provide a rapid indication of vaccines to be chosen, especially if the geographical origin of the FMD outbreak is known or suspected. Some results obtained between 1982 and 1994 are presented and discussed above. Recently, the antigenic profiling of the field virus using a panel of monoclonal antibodies has provided an accurate tool for determining possible relationships with previous viruses.
In the short term, the results of these tests suffice for emergency treatment. Subsequently, in vivo examinations (e.g. virus neutralisation testing of cattle) must be completed, especially in the case of SAT 2 viruses. The data presented above show that, despite a low serological relationship between the SAT 1 field virus and the vaccine strain, protection could be attained after primovaccination. These results may differ from those given by SAT 2 viruses, for which the level of protection after primovaccination is in accordance with the serological or seroneutralisation relationships between the vaccine strain and the field virus.
The choice of a vaccine strain, however, is not determined exclusively by a single FMD outbreak. It is motivated principally by the necessity of large-scale immunological coverage. For this purpose, thorough epidemiological background information is necessary from all the countries involved in the FMD control programme. Experience has shown that, during a major epidemic, more than one strain may be present in the field at the same time. In two recent cases (Botswana in 1980 and Zimbabwe in 1989), several FMD outbreaks occurred within a short period of time, which led to the assumption that the same virus strain was the cause. In both cases, sub-typing showed that two different strains were, in fact, present at the same time. In such situations, a large number of field isolates must be examined. 
